SCIENTIFIC 

REPORTS 



s 




OPEN 



SUBJECT AREAS: 
PHOTOCATALYSIS 
NANOPARTICLES 



Received 
8 October 2013 

Accepted 
20 March 2014 

Published 
4 April 2014 



Correspondence and 
requests for materials 
should be addressed to 
X.Y.Z. (xyzhang@ysu. 
edu.cn); J.Q.Q. 
(jiaqianqin@gmail. 
com) or R.P.L. (riping@ 
ysu.edu.cn) 

* These authors 
contributed equally to 
this work. 



Effect of aspect ratio and surface defects 
on the photocata lytic activity of ZnO 
nanorods 

Xinyu Zhang^*, Jiaqian Qin^*, Yanan Xue\ Pengfei Yu\ Bing Zhang\ Limin Wang^ & Riping Liu^ 

^ State Key Laboratory of Metastable Materials Science and Technology, Yanshan University, Qinhuangdao 066004, P. R. China, 
"^Metallurgy and Materials Science Research Institute, Chulalongkorn University, Bangkok 10330, Thailand. 

ZnO, aside from Ti02, has been considered as a promising material for purification and disinfection of 
water and air, and remediation of hazardous waste, owing to its high activity, environment-friendly feature 
and lower cost. However, their poor visible light utilization greatly limited their practical applications. 
Herein, we demonstrate the fabrication of different aspect ratios of the ZnO nanorods with surface defects 
by mechanical- assisted thermal decomposition method. The experiments revealed that ZnO nanorods with 
higher aspect ratio and surface defects show significantly higher photocatalytic performances. 

Metal oxide, mixed oxide, and hybrid noble-metal/oxide nanocrystals (NCs) have great potential for 
electronic, magnetic, optical, and photocatalytic applications^ In particular, ZnO is an important 
group II-VI semiconductor with a wide band gap (3.37 eV) and a large exciton binding energy of 
60 meV at room temperature'*. ZnO, aside from Ti02, has been considered as a promising material for purifica- 
tion and disinfection of water and air, and remediation of hazardous waste, owing to its high activity, envir- 
onment-friendly feature and lower cost^"^. Previous studies have proved that ZnO can degrade most kinds of 
persistent organic pollutants, such as detergents, dyes, pesticides and volatile organic compounds, under UV- 
irradiation^"^. Actually, the disadvantage of ZnO is that it absorbs only in the UV region because of its large 
bandwidth of 3.2 eV (k = 380 nm). The major problem is that only about 4 to 5% of solar spectrum falls in the 
UV range. Therefore, the effective use of solar energy still remains a challenge in photocatalytic application. 

Several efforts have been made to enhance the photocatalytic activity of ZnO by tailoring size^, concentration of 
oxygen defects^'*°, facets**"*^ and surface area*^'*^ Recently, Jang et al. and McLaren et al. have reported the 
relationship between the exposed surfaces of ZnO crystals and their photocatalytic efficiency, and demonstrated 
that a greater proporation of exposed polar surfaces leads to a greater photocatalytic activity*^'*^. They discovered 
that OH" ions prefer to adsorb onto (OOOl)-Zn surface due to its surface positive charge, which can react with hole 
(h^) to generate reactive species -OH radicals, hence enhancing the photocatalytic activity*^. The amount of e~/h^ 
on the photocatalyst surface is a key factor in determining the photocatalytic reaction rate. One-dimensional 
(1-D) ZnO nanostructures such as nanorods and nano wires have been investigated extensively due to their 
superior electrochemical properties, which are attributed to dimensional anisotropy. Consequently, larger num- 
ber of e" and h^ exist on the active sites of the nanocrystal surface, resulting in higher activity compared with 
spherical nanoparticles. 

Besides the exposed crystal facet and aspect ratio, the surface defects on ZnO are another very important factor 
influencing its photocatalytic performance. In fact, the defects on ZnO have been extensively characterized by 
various techniques, and their roles in adsorption and surface reactivity have been acknowledged*^"^". Zheng et al.^° 
showed that different oxygen defects (oxygen vacancies and interstitial oxygen) that formed in a sol vo thermal 
process had an impact on the photocatalytic activity of ZnO. Wang et al.*^ developed enhanced the visible light 
photocatalytic activity of ZnO by narrowing the band gap with defects. Li et al.^* reported that tuning the relative 
concentration ratio of bulk defects to surface defects in Ti02 nanocrystals can improve the separation of photo - 
generated electro -hole and therefore can enhance photocatalytic efficiency. However, it is still challenging to 
major problem is that the defects are interacting with many other factors and the photocatalytic activity is 
dominated by the balance among all these factors. One should bear in mind that defects exist in most ZnO 
samples except perfect single crystals, and the degree of defects may differ a lot in different samples. Therefore, it is 
difficult to study the effects from other factors, e.g. crystalline phases and exposed crystal facets, while it is rational 
to investigate the sole effect of defects on the photocatalytic activity of ZnO, providing that other factors could be 
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Figure 1 | XRD patterns of as-synthesized ZnO under calcination 
temperature of (a) 350°C, (b) 400°C, (c) 450°C, (d) 500°C. 

kept unchanged. According to previous study, Lin et al. developed 
the thermal decomposition method from zinc acetate dihydrate^^, 
which is a simple, cost effective, and rapid synthesis route. Now 
researchers did many ZnO studies by using this method^^"^^. Here 
ZnO nanostructures with various aspect ratios and defects were syn- 
thesized by a mechanical-assisted thermal decomposition method. 
We demonstrate that thermal decomposition is a successful and 
general procedure to control the aspect ratio, the pre-grinding pro- 
cess can make the sawtooth-shaped side plane of ZnO nanorods, and 
so the different temperature and pre-grinding process could adjust 
the surface defects. With all the other influencing factors strictly 
restricted, surface defects could play a very important role in the 
photocatalytic activity hence the high aspect ratio of ZnO nanorods 
with surface defects is responsible for the higher photocatalytic activ- 
ity under high pressure sodium lamp irradiation. 



Results 

The synthesis was based on the modified method by Lin et al.^^ with 
mechanical assisted. X-ray diffraction (XRD) data (Figure 1) con- 
firmed that all of the samples produced were crystalline and had the 
hexagonal wurtzite structure of bulk ZnO lattice parameters match- 
ing those in the literature. It was found that an increase in the calci- 
nations temperature led to an increase in the average particle sizes 
according to the field emission scanning electron microscopy 
(FESEM) and transmission electron microscopy (TEM) results 
(Figure 2 and Figure 3). Figure 2 (a) gives the FE-SEM image of 
ZnO calcined at 350°C and shows the nanorods shape of ZnO. As 
seen in Figure 2 (a), the length is about 800 nm, and diameter is 
about 30-50 nm. When the temperature was raised to 400°C and 
450°C, the image (Figure 2(b) and (c)) indicates the nanorods with 
increase in diameter and decrease in length. Further, the rise in 
temperature to 500°C represents that large amount of ZnO is irregu- 
lar particles (average size —100 nm) (Figure 2 (d)), but there are still 
some nanorods shape particles (—100 nm in diameter, —200 nm in 
length). As the calcinations temperature increases, the particle mor- 
phology changes from rod to irregular shape. This anisotropic 
growth on ZnO particles could be caused by higher temperature. 
Therefore, the SEM images implied that the calcinations temperature 
is one of the role factors to affect the surface morphology. 

The morphologies of ZnO crystallites and particles were also 
investigated by TEM. Figure 3 shows typical low- magnification 
TEM images of the synthesized ZnO under the calcinations temper- 
ature of 350°C and 500°C. Figure 3(a), (b) and (c) indicate that most 
of the nanorods have straight sides and regular ends. When the 
temperature was raised to 500°C, the particle morphology changes 
from rod to irregular shape (Figure 3(d)). The average length of 
nanorods is —800 nm, and the diameter is —30-50 nm at calcina- 
tion temperature of 350°C. With the calcinations temperature 
increasing, it is seen that the nanorods with increase in diameter 
and decrease in length. Further, the rise in temperature to 500°C 
represents that the ZnO is irregular particles (average size 
— 100 nm). These TEM results are in good agreement with the FE- 
SEM observations. 

We also examined the crystallographic nature of the individual 
ZnO nanorod and ZnO irregular particles using high-resolution 
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Figure 3 | TEM images of as-synthesized ZnO under temperature of (a) 350 °C, (b) 400 °C, (c) 450 °C, (d) 500 °C. 



transmission electron microscopy (HRTEM) observations and 
selected area electron diffraction (SAED). Figure 4 gives the 
HRTEM and the insets of small image show the SAED and the 
selected area of TEM image. As seen in Figure 4, HRTEM images 
of rod shape ZnO nanoparticle synthesized under 350°C, 400°C, and 
450°C show well ordered crystalline planes with a spacing of 
0.523 nm, corresponding to the (0001) planes of ZnO. Therefore, 
it is a section of ZnO nanorod in the [001] orientation, showing the 
growth direction as [001]. As seen in Figure 4(d), the HRTEM and 
SAED also reveal that the irregular particle is a section of ZnO short 



rod shape in the [001] orientation, implying the growth direction as 
[001] and side planes, e.g., (10-10), (01-10), (1-100) and (-1100) 
planes, as shown in Figure 5(a). It is seen that side planes are saw- 
tooth-shape surface from the HRTEM image. The HRTEM image 
and SAED pattern for a hexagonal nanocrystals indicate a single- 
crystalline structure with interplanar (i-spacing of ca. 0.523 nm for 
ZnO nanocrystal under different calcination temperature, which is 
attributed to the (0001) planes of ZnO crystals, indicating preferen- 
tial growth along the [001] direction, as confirmed by the SAED 
pattern of the [0-10] zone-axis. Taking all these TEM images into 





Figure 4 | HRTEM of as- synthesized ZnO under temperature of (a) 350 °C, (b) 400 °C, (c) 450 °C, (d) 500 °C. The insets of small image show the SAED 
and the selected area of TEM image. 
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Figure 5 | (a) Shape of the nanorod. Note, [uvw] is an index of a specified crystal axis and (hkil) is an index of a specified crystal plane, (b) Schematics of 
nanorods growth with increasing temperature. 



account, the real shape, crystal structure and growth schematic of the 
nanorods could be approximately re- constructed, as shown in 
Figure 5(a), in which the axial direction is [001]. The synthesis 
mechanics of ZnO has been discussed by Lin et al.^^, in the current 
study, the fracture of ZnO nanorods and growth in diameter will be 
occurred with increasing temperature (Figure 5(b)). 

UV-visible spectra (Figure 6) of the as -synthesized ZnO at differ- 
ent temperature imply that temperature can play the role in changing 
the absorption characteristics of ZnO. Strong absorption band in UV 
region at 373 nm attributed to the band edge absorption of wurtzite 
hexagonal ZnO, blue shift relative to its bulk (380 nm)^^. The absorp- 
tion band is increased with annealing temperature increasing. As 
seen in Figure 6, the absorption band is 379 nm at 500°C, which is 
similar to that of bulk ZnO^^. The blue shift denotes the decrease in 
size of particle and increase in band gap energy. The band gap energy 
(Ebg) of ZnO can be calculated from the following equation, Ebg = 
1240/}^ (eV)^^"^^, Ebg is the bandgap energy in eV and \ is the wave- 
length in nanometers. The bandgap values of ZnO are 3.32 eV, 
3.30 eV, 3.30 eV, and 3.27 eV, for the calcination temperature of 
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Figure 6 | UV-visible spectra of the as-synthesized ZnO at different 
temperature of (a) 350°C, (b) 400°C, (c) 450°C, (d) 500°C. 



350°C, 400°C, 450°C, and 500°C, respectively. The corresponding 
wavelength of bandgap values exists in the UV region. Considering 
large surface area resulting from the rod-like ZnO particles may 
exhibit good photocatalytic ability for dye degradation, and the 
theoretical study shows that (0001) surface has the highest photo- 
catalytic activity and a remarkable red-shift phenomenon of the 
absorption edge^°. Here the photodegration of methylene blue 
(MB) experiments were performed under high-pressure sodium 
lamp. Figure 7(a) shows photodegradation efficiency of MB using 
350 as photocatalyst. It is clearly seen that the change in concentra- 
tion of MB by ZnO nanorods catalyst under high-pressure sodium 
lamp irradiation for different time intervals. As seen in Figure 7(a), a 
gradual decrease in the intensity of strong absorption band at 
664 nm for MB solution is observed during the course of the 
photo- assisted degradation, indicating that the large chromosphere 
group of MB dye molecule, i.e., the conjugated % system, has been 
destroyed^^'^^. The above result confirms that the oxidative decom- 
position of MB molecule has occurred. 

The dependence of MB photo degradation on the different sam- 
ples was also investigated at the same operating conditions. The 
results are shown in Figure 7(a). When the suspensions were mag- 
netically stirred in the dark for 2 hours to ensure establishment of an 
adsorption/desorption equilibrium of MB on the sample surface, the 
MB solution concentration decreased only a little because of the 
adsorption. As shown in Figure 7(a), after the high-pressure sodium 
lamp turned on, sample 350 exhibits higher photocatalytic activity 
than other samples. The degradation percentages after 80 min over 
350, 400, 450, and 500 samples are 99.3%, 88.1%, 86.0%, and 56.9%, 
respectively, which clearly shows that the longer nanorods show a 
higher activity as compared to the shorter rods. The photocatalytic 
stability of 350 sample was also carried out for 80 min. As shown in 
Figure 7(b), the degradation of 350 sample shows no visible change 
after five recycles. It reveals that 350 sample has a good reusability 
performance. 

The surface and sub -surface components and oxidation states of 
ZnO prepared at different annealed temperature were investigated by 
XPS analysis. The O Is spectra from the nanorods are shown in 
Figure 8. XPS analysis of the nanorods shows asymmetric O Is spec- 
tra from the nanorods that can be deconvoluted into three peaks, as 
shown in Fig. 8. The binding energy values at 530 eV, 531.4 eV, and 
532.4 eV are observed in all samples. These peaks are associated 
with O^" species in the lattice (Ol), oxygen vacancies or defects 
(Ov) and chemisorbed or dissociated (Oc) oxygen species^^'^^. 
Since the physically absorbed hydroxyl groups on ZnO can be easily 
removed under the ultrahigh vacuum condition of the XPS system, 
ZnO nanorods with fine surface structure will not give significant 
signals in XPS^^'^^. Therefore, the distinct signals of hydroxyl 
groups observed should be due to hydroxyl groups, i.e. Zn-OH and 
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H2O, strongly bound to surface defects on ZnO. That is, the hydroxyl 
groups in XPS are associated with surface defects and the visible 
hydroxyl groups should indicate the existence of surface defects on 
ZnO samples. According to the XPS results, the Oy (531.4 eV) and 
Oc (532.4 eV) value of O Is is higher for the high aspect ratio nan- 
rods (Fig. 8), which implies that higher aspect ratio of ZnO nanorods 
have higher amount of surface defects and the visible hydroxyl 



groups. Many reports showed that the photocatalytic activity differ- 
ences among different nanostructures are due to varying oxygen 
defect concentration and type of defect. Further, oxygen species 
around 532.4 eV is caused by the surface hydroxyl group. Presence 
of surface hydroxyl groups facilitates the trapping of photoinduced 
electrons and holes, thus enhances the photocatalytic degradation 
process. 
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Figure 8 | XPS analysis, O Is spectra of different length nanorods indicating the presence of three types of oxygen, Ol (lattice oxygen), Oy (oxygen 
vacancy or defects) and Oc (chemisorbed oxygen species). 
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Figure 9 | Photoluminescence spectra of ZnO nanorods prepared at different temperatures. 
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To confirm the XPS results, we also measured the photolumines- 
cence (PL) spectroscopy of ZnO nanorods prepared at different tem- 
perature. PL is a very useful technique to disclose the efficiency of 
charge carrier trapping, immigration and transfer in a semi- 
conductor^^. Generally, the photoluminescence emissions on semi- 
conductor materials are originated from the radiative recombination 
of photo-generated electrons and holes, and two major photo-phys- 
ical processes can give rise to photoluminescence signals. PL spectra 
obtained from the samples prepared at different temperatures of 
350°C, 400°C, 450°C, and 500°C are shown in Figure 9. PL results 
show the typical two emissions of narrow violet (—380 nm) and 
broad green-yellow bands (—510 nm) (Figure 9). To scrutinize the 
green defect emission (broad band in the visible region), the peaks of 
the near band edge (NBE) emission in the spectra were normalized to 
the same value. The broad emission band revealed in the visible 
region in our samples is due to the superposition of green and yellow 
emissions. ZnO commonly exhibits luminescence in the visible spec- 
tral range due to different intrinsic or extrinsic defects^^. According 
to the synthetic process as well as the assignments of defects in the 
literature discussed above, the defects formed in our system are likely 
to be due an oxygen vacancy and an interstitial oxygen, correspond- 
ing to the green and yellow bands in PL, respectively. The two dif- 
ferent oxygen defects are competing with each other, presenting in 
the competition of green and yellow bands in PL. Two impurity 
levels, which can enhance the electron hole pair separation rate in 
ZnO nanorods, are generated in the presence of oxygen vacancies 
and interstitial oxygen defects. As the redox reactions might occur on 
the surface of oxygen vacancies and interstitial oxygen defects, the 
oxygen defects can be considered to be the active sites of the ZnO 
photocatalyst^^. As seen in Figure 9, the PL emission intensity 
decreases with annealing temperature, suggesting the reduction of 
the oxygen defects in ZnO nanorods, which is consistent with the 
increase of the oxygen defects of ZnO nanorods with aspect ratio of 
nanorods. Therefore, the photocatalytic activity of the ZnO nanorods 
can be enhanced with aspect ratio in the present study. It can be 
concluded that abundant surface oxygen vacancies or defects exist 
in ZnO nanorods, which may play a vital role in the photocatalytic 
activity. 



Discussion 

The photocatalytic activity of the metal oxides depends on various 
factors including composition, phase structures, surface hydroxyl 
groups, particles size, crystalline, surface defects, surface metal 
deposits, and adsorbates or surface bound complexes. The role of 
these parameters on the photocatalytic activity of different structures 
of ZnO is well reported and investigated^^. In general, the difference 
in photocatalytic activity is related to size and surface area, the spe- 
cific surface area of rods are 8.02, 7.85, 7.91, and 6.04 mVg respect- 
ively for annealed temperature 350°C, 400°C, 450°C, and 500°C. The 
phtocatalytic activity of our sample follows the same trend like the 
specific surface area. 

As a whole, it can be concluded that annealing temperatures show 
significant effects on the surface specific activities of ZnO nanorods. 
Since the crystalline phase and exposed facets are kept unchanged 
during the different annealing temperature, the activity differences 
should originate from the different aspect ratio and defects. It is well 
known that the photocatalytic process is determined by the separa- 
tion of electron/hole pairs (e"/h^)^\ and the separation of photo- 
generated carriers could be due to the crystalline phase, aspect ratio 
of nanorods, electronic structure of the facets and defects^^. Among 
these factors, surface defects have to be considered for most cases 
except for perfect single crystals. Because the present ZnO nanorods 
were synthesized via a mechanical-assisted thermal decomposition 
method at relatively low temperature (350-500°C), diffusion length 
of atoms during decomposition reaction of the precursor is relatively 
short. It is therefore reasonable to believe that large number of sur- 
face defects exist in the final products, which result in visible emis- 
sion (400-700 nm). 

Generally recombination probability of the photogenerated car- 
riers would be high, separation of electron-hole is the rate limiting 
step for the photocatalytic process^\ The aspect ratio and electronic 
structure of the facets^^'^^ are expected to enhance the separation of 
photogenerated carriers. Thus decreased recombination centers with 
less number of interparticle junctions and high electron delocaliza- 
tion in high aspect ratio nanorods leads to higher efficiency. Under 
the light irradiation, electron transfer from valance band to conduc- 
tion band with the absorption of photo energy and electron-hole 
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pairs are then created on ZnO. In the case of a ZnO crystal free of any 
defects, the photogenerated electrons and holes undergo quick 
recombination both in the bulk phase and on the surface. In the case 
of ZnO with defects, the circumstances are a bit more complicated. 
The photogenerated holes can be trapped by surface defects, i.e. 
defect clusters, and the separation of photogenerated electron-hole 
pairs is facilitated. Moreover, the photogenerated holes trapped by 
surface defects are ready to react with electron donors and the photo - 
catalytic reaction can be greatly promoted. Obviously, the existence 
of surface defects plays a positive role in the photocatalytic activity of 
ZnO nanorods. However, XPS and PL results are not suitable for the 
quantitative analysis of surface defects, so it should be mentioned 
that we could not correlate the photocatalytic activity with surface 
defects. Further experiments are therefore needed in order to address 
the correlation between defect and photocatalytic activity. 

For 1-D nanostructured crystals the space charge region is well 
constructed along the longitudinal direction of ZnO nanocrystal, 
meaning that photogenerated electrons can flow in the direction of 
the crystal length. Increased delocalization of electrons at 1-D nanos- 
tructured crystals can lead to a remarkable decrease in e"/h^ recom- 
bination probability. Consequently, larger number of e~ and h^ exist 
on the active sites of the nanocrystal surface, resulting in higher 
activity compared with spherical nanoparticles. In the previous 
study, Yun et al.^^ reported that decreased recombination centers 
with less number of interparticle junctions leads to higher efficiency. 
Therefore, the present data implies that higher aspect ratio of ZnO 
nanorods with higher level of surface defect leads to greater photo- 
catalytic activity, and these results indicate that ZnO nanorods with 
high-level defect of ZnO nanorods could be synthesized by using this 
modified thermal decomposition method. 

In summary, four kinds of aspect ratio ZnO nanostructures were 
prepared by a simple mechanical-assisted thermal decomposition 
method at various temperatures. The photocatalytic studies showed 
that as -synthesized ZnO nanorods have good photocatalytic per- 
formance, and the photocatalytic activity increased with increasing 
aspect ratio. Characterization results from photoluminescence and 
XPS spectra indicate the existence of defects in ZnO nanorods. 
Moreover, the high aspect ratio of ZnO nanorods exhibit high level 
of surface defects, and high aspect ratio of ZnO nanorods with high 
level of surface defects are responsible for the high photocatalytic 
performance. This method is commercially gainful, easily producible 
for large quantity of catalyst and the necessity of special equipment is 
unessential. 

Methods 

Chemicals. Zinc acetate dihydrate (Carlo) used in the present study was of analytical 
reagent grade. Methylene blue (MB) was from Aldrich chemicals. All aqueous 
solutions were prepared using double distilled water. 

Sample preparation. ZnO nanorods were synthesized by grinding 5.0 g of zinc 
acetate dihydrate without additive in a mortar for 30 min and then annealed in an 
alumina crucible at different temperature for 3 h, which is similar to the previous 
work. In the present study, the annealing temperature was 350°C, 400°C, 450°C, and 
500°C for 3 h. After reaction, the powder was washed with distilled water twice and 
dried in an oven at 90°C for 8 h. The obtained samples were denoted as 350, 400, 450, 
and 500 according to the calcinations temperature. 

Materials characterization. Powder X-ray diffraction (XRD) was carried out using 
Phillips Xpert diffractometer using Cu Ka radiation. Equipped with X'celerator 
detector and the instrument were operated at 40 kV and 25 mA. The 20 range of 20- 
90° scanning was performed with a step size of 0.02, time per step is 4 s. Field emission 
scanning electron microscopy (FESEM) images were taken using Hitachi S-4700. 
Transmission electron microscopy (TEM) images were acquired with a JEM-2010 
operated at 200 kV at Yanshan University. The samples were prepared by drop 
casting a sample dispersed in ethanol on carbon coated Cu-grids and dried in a 
vacuum. The thermal analysis was carried out using NETZSCH STA 409 
simultaneous thermal analyzer and the photocatalytic activity was measured by 
Perkin-Elmer UV-vis spectrometer. X-ray photoelectron spectra (XPS) of the 
samples were recorded on XPS ESCA Thermo Fischer Scientific Multilab 2000 
using monochromatic Al Ka radiation. Binding energies were corrected with respect 
to graphitic carbon at 284.6 eV. The surface area was determined by Brunauer- 



Emmett-Teller (BET) method using ASAP 2020 HD88 surface area and porosity 
analyzer. The photoluminescence (PL) excitation/emission measurements were 
performed on a Jobin-Yvon Nanolog-3 spectrofluorometer at room temperature. In 
all cases, the samples were excited by a 325 nm Xenon laser beam through optical 
lens. The excitation wavelength scanned from 350 to 700 nm with 5 nm steps for both 
samples. 

Photocatalytic measurements. The photocalytic activity of ZnO nanorods with 
different aspect ratio was estimated by measuring the decomposition rate of MB 
aqueous solution under high-pressure sodium lamp (400 W, Philips, 400-650 nm) 
irradiation. In order to maintain the MB solution temperature at room temperature 
(35°C), water was circulated through the outside of the reactor. Reaction suspensions 
were prepared by adding the 250 mg of ZnO nanorods in 500 mL of aqueous MB 
solution taken with an initial concentration of 5 mg/L. The solution mixture was 
stirred for 2 h in dark to attain equilibrium adsorption. Experiments showed that no 
degradation occurred in the presence of catalyst without light. The aqueous 
suspension containing MB and the photocatalyst was irradiated with constant 
stirring. The analytical samples from the suspension were collected at regular 
intervals of time, centrifuged and filtered. The concentration of MB in each sample 
was analyzed using UV-vis spectrophotometer (Shimadzu, 1700 UV-VIS) at a 
wavelength of 664 nm. The photocatalytic efficiency was calculated using the 
expression r| = (1 — C/Co)*100, where Cq is the concentration of MB before 
illumination and C is the concentration after irradiation time. 
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